Objectives: First reports on the application of deep brain stimulation (DBS) of the Nucleus basalis of Meynert (NBM) showed feasibility and safety of the intervention in patients with Alzheimer s disease. However, clinical effects vary and the mechanisms of actions are still not well understood. The aim of this study was to characterize neuroimaging changes that are associated with the responsiveness to the treatment.
INTRODUCTION
The cholinergic system with its origin in the Ch1-Ch4 regions of the basal forebrain plays a major role in Alzheimer's disease (AD). The Ch4 region comprises the Nucleus basalis of Meynert (NBM), and its early degeneration in AD is regarded as a key event in the pathogenesis of the disease (1) (2) (3) . The rationale for the selection of the NBM as target for deep brain stimulation (DBS) relies on its strategic position. Its cholinergic fibers provide important modulatory input to all layers of the cortex and the NBM is considered a major relay station of the ascending reticular activating system (4) . Accordingly, DBS of the NBM with low-frequency stimulation is assumed to exert excitatory effects on the remaining cholinergic system, leading to increased cholinergic transmission, analogous to the effects of pharmacological treatment in AD (5) .
In a first pilot-study with a short double blinded controlled period, DBS of the NBM in patients suffering from AD was studied, demonstrating the feasibility and safety of the procedure (6) . Four out of six patients remained stable or improved in primary outcome parameters after stimulation of the NBM over one year. Two patients, however, showed worsening of the symptoms, highlighting the importance of determining possible outcome predictors. Since age and cognitive performance at baseline probably play a key role, two younger and less affected patients have been studied after DBS of the NBM additionally (7) . The advantage of an early intervention would potentially support a pivotal role of cholinergic factors in the pathogenic chain and a better compensation of the partially preserved cholinergic functions. In this study, a lasting cognitive stability could be demonstrated over a period of two years. These observations further supported the assumption of an effect of DBS of the NBM on disease progression. Bearing in mind the high prevalence of AD and the scarce treatment options, DBS should thus be investigated as a possible treatment option based on further case reports (8, 9) , and on data from animal studies (10) . Other authors focus on the fornix as target for DBS in AD, proving safety and feasibility in a sample of 42 patients (11) . However, DBS is an invasive and costly procedure. Thus, potential mechanisms of actions have to be further studied and identifying predictors of response that allow better selection criteria is pivotal.
The aim of this study was to identify brain regions which degree of atrophy may serve as putative outcome predictors for a successful DBS of the NBM. We expected that preoperative variations in cortical thickness were associated with patient's response to the intervention. Therefore, we correlated clinical changes following the DBS treatment in a group of patients in early and moderate stages of AD with cortical thickness derived from preoperative structural magnetic resonance imaging (MRI). In a second step, we aimed at identifying networks modulated by DBS of the NBM that carry out its beneficial effects by correlating outcome parameters with the individually computed network connected to the volume of tissue activated (VTA) by the DBS electrodes.
METHODS AND MATERIALS Subjects
Patients were recruited via the interdisciplinary Memory Disorder Center at the University Hospital of Cologne. We included ten patients (six females) undergoing bilateral stereotactically guided implantation of electrodes into the NBM. Six patients were part of a clinical trial reported before (6) (registered with clinicaltrials.gov, number NCT01094145). Patients were diagnosed with AD according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV (12) and the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCD-ADRDA) scale (13) . Inclusion criteria were a MMSE score of 18-26 and AD-typical cerebrospinal fluid changes of tau protein and amyloid beta-42 levels. All patients as well as their relatives had given written informed consent. The ability to give informed consent was indispensable for the inclusion. Exclusion criteria consisted of advanced AD and severe mental disorder, suicidal tendencies, as well as general contraindication for surgery or MRI. See Table 1 for demographic data.
Surgery
All patients underwent bilateral stereotactical implantation of quadripolar leads (Model 3389, Medtronic Inc., Minneapolis, MN, USA) in the NBM. Details of the procedure were described before (6) . Subsequently, pulse generators were subcutaneously implanted in the subclavian or abdominal region.
Evaluations
Clinical assessment took place at baseline (T0) before as well as 6 (T1) and 12 (T2) months after surgery, with a tolerance of 64 weeks. All patients were evaluated using the Alzheimer's disease Assessment Scale (ADAS) with its subitems for cognition (ADAS-cog) and memory (ADAS-mem) as primary outcome parameter with higher scores reflecting worse cognitive function. The MMSE was assessed as secondary outcome parameter, where higher scores indicate a better cognitive function.
Image Acquisition and Processing
Structural T1-weighted images were assessed on a 3.0-Tesla Philips Healthcare MRI-scanner (Philips Medical Systems, Hamburg, Germany) at the University Hospital of Cologne before surgery (three-dimensional fast field echo sequences, TR 32ms, flip angle 508, matrix 512 3 512, 71 slices). Data was initially checked for image quality with no substantial artifacts observed. For the analysis of data of cortical thickness, images were processed using FreeSurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu) with its "recon-all" processing scheme (14) . In short, processing included motion correction, brain extraction, automated Talairach registration, segmentation of the subcortical structures, intensity normalization, tessellation of the GM/WM boundary, automated topology correction, and surface deformation through intensity gradients. Subsequently the surface was registered to a spherical atlas and the cortex was parcellated into areas based on gyral and sulcal structure. A detailed description of the process steps is reported elsewhere (14, 15) . Images were visually checked for processing accuracy after each step. For group analysis, surface based vertex-wise analysis was used within the Query Design Estimate Contrast (QDEC) interface of FreeSurfer. We chose a Full Width at Half Maximum (FWHM) filter of 10, calculating the cortical thickness between the GM/WM boundary and pial surface at each vertex across the cortical mantle according to the automatic parcellation. Age, sex, and total intracranial volume were added as nuisance factors due to their influence on morphometric measures (16) . To correct for multiple comparisons across the whole brain, we applied a Monte Carlo simulation with a p-value of 0.05. Three patients dropped out of the study after six months, therefore, analysis using the 12 months follow-up scores included only seven patients.
For the reconstruction of the electrodes, LEAD-DBS v1.4.8 (http://www.lead-dbs.org) (17) was used running within Matlab R2015b (Mathworks Inc., Natick, MA, USA). In brief, postoperative CT or MRI images were co-registered to the preoperative MRI images and nonlinearly co-registered to ICBM 152 2009b nonlinear template (18) within Montreal Neurological Institute (MNI) standard space. After calculating the VTA following the approach of M€ adler and Coenen (19) , streamlines traversing through the VTA were isolated from a standardized group-connectome available in MNI space (20) using LEAD-DBS. Finally, streamline counts connecting the VTAs and cortical regions of interests (ROI) defined by the Automated Anatomical Labeling (AAL) atlas (21) were correlated with changes in the outcome measurements. Of note, this analysis could only be performed in six patients, as postoperative imaging was not available in all patients. ROIs were defined post-hoc from results of the morphometric analysis, choosing regions that showed significant correlations with morphometric differences, to test whether a direct modulation of these areas contributed to the therapeutic effect.
Statistical Analysis
Outcome scores were calculated by subtracting scores at T1-T0 and T2-T0 for the MMSE, resulting in positive values for a beneficial outcome. In order to facilitate reading and interpretation of the results, outcome of ADAS-cog and ADAS-mem scores were calculated vice-versa (T0-T1 and T0-T2), again resulting in positive values for a beneficial outcome, as higher scores in this scale indicate higher impairments. Wilcoxon signed-rank tests were used to compare baseline and postoperative scores (p-value 5 0.05). Apart from imaging analysis in FreeSurfer and LEAD-DBS, statistical analysis was conducted in SPSS 22 (IBM Corp., 2013, Armonk, NY, USA). Mean values are given along with standard deviations (SD). Correlation analysis of streamlines and psychometric changes were conducted using Pearson's correlation coefficient (r) after testing for normal distribution according to the Shapiro-Wilk test (p 5 0.05). 
RESULTS
The sample had a mean age of 66.9 6 4.3 years at baseline and a mean MMSE score of 18.3 6 3.8, showing a non-significant worsening after six month with a score of 17.9 6 5.8 (p 5 0.887) and a nonsignificant improvement after 12 months (20.1 6 6.6 (p 5 0.671)). In the ADAS-cog, a mean of 9.3 6 6.5 preoperatively was assessed, increasing to 10.9 6 8.1 (p 5 0.282) after 6 and 11.6 6 11.2 (p 5 0.461) after 12 months, showing a non-significant worsening. The ADAS-mem showed a mean value of 11.0 6 3.9 before surgery and a mean value of 10.5 6 2.9 (p 5 0.838) and 7.9 6 2.2 (p 5 0.104) at the 6 and 12 months follow-up, indicating a non-significant improvement of symptoms (Fig. 1) .
Analysis of cortical thickness revealed significant positive correlations of changes in MMSE after six months with volumes of clusters peaking in the orbital (oSFG) and medial parts (mSFG) of the right superior frontal gyrus, covering parts of Brodmann Area (BA) 10. Congruent to that, improvement in the ADAS-mem after six months correlated significantly with a cluster peaking in the right mSFG. After 12 months, significant clusters correlating with a beneficial outcome of the MMSE were observed in the left inferior parietal lobule (IPL), the superior temporal gyrus (STG), and the inferior temporal gyrus (ITG). Further, significant clusters were found with their maximum in the left supramarginal gyrus as well as a cluster peaking in the pars triangularis of the right inferior frontal gyrus (IFG), mostly covering the middle frontal gyrus (MFG). Correlating cortical thickness with changes in the ADAS-mem after 12 months revealed significant clusters with a maximum in the left insula and the left supramarginal gyrus as well as in the right MFG and Insula. No significant correlation with cortical thickness was observed for changes in the ADAS-cog. See Table 2 and Figure 2 for an overview of significant correlations. Overall, significant correlations with beneficial changes in the ADASmem and the MMSE were exclusively positively, indicating that patients with less cortical thinning in these areas profited more from DBS of the NBM. In general, cortical thickness within the significant clusters ranged between 1.1 and 4.1 mm (see Supporting Information Table S2 ), lying within the precision limit of Freesurfer (14) . For the post-hoc connectivity analysis, right mSFG and oSFG, MFG, IFG, left rolandic operculum, bilateral insula, left STG, ITG, IPL, and supramarginal gyrus were defined as ROIS. Shapiro-Wilk testing indicated a normal distribution for the MMSE (p 5 0.096), the ADAS-mem (p 5 0.801), and the ADAS-cog (p 5 0.525) Analysis of streamlines connected to the VTA revealed significant positive correlations for changes in the MMSE with connections to the left rolandic operculum (p 5 0.049) and the supramarginal (p 5 0.036) (Fig. 3) . For the left IPL, there was a congruent trend towards a positive correlation (p 5 0.86) (see Supporting Information Table S1 ).
DISCUSSION
In this study, we aimed at testing whether preoperative brain morphology is associated with response to DBS of the NBM in (b) the memory subscore (ADAS-mem), and (c) the cognition subscore (ADAS-cog) of the Alzheimer's Disease Assessment Scale were visualized as an interpolated mesh according to the active contacts of six patients using LEAD-DBS (17) . Darker red implies a better response, white indicates no changes, and darker blue represents a worsening of the outcome. Electrodes were aimed at the fibers lateral to the nucleus basalis of Meynert which is displayed in dark gray. Whereas for the MMST, a more caudal distribution appeared to be associated with a better response, the outcome of the ADAS-mem showed a posterior-anterior gradient, which was reversed for the ADAS-cog. patients with AD. Our results confirmed such a correlation for fronto-parieto-temporal patterns of cortical thickness, indicating that preserved cortical thickness in this network comes in hand with a better response. Post-hoc analysis indicated that modulation of streamlines connected to left parietal lobe and left opercular region probably carries out the beneficial effects of the intervention. Across the whole sample, patients remained stable for one year after DBS regarding the MMSE. There was a non-significant improvement in the ADAS-mem whereas the ADAS-cog showed an opposite progression towards a worsening of symptoms. Differences in patterns of cortical thickness correlating with the outcome after 6 months, compared to the correlation with the outcome after 12 months may rely on the smaller sample size in the latter analysis. Also, the variance of the outcome increased with time, therefore further clusters may have reached significance in the correlation analysis. For the memory subscore of the ADAS, a predominantly fronto-parietal pattern of cortical thickness was found to be significantly positively correlated with a beneficial outcome. This pattern comprised clusters in the right prefrontal cortex as well as the insula extending into the opercular region. There was also a significant cluster correlated with a beneficial outcome residing in the left parietal cortex. This cluster comprised the left supramarginal gyrus and the IPL. For the MMSE, there was a congruent significant positive correlation of clusters of cortical thickness with a beneficial outcome. Prefrontal regions such as the left oSFG and right IFG were significantly correlated with the outcome. Additionally, left-hemispherical parietal regions such as supramarginal gyrus and IPL showed significant clusters as well as two clusters in the left temporal lobe. Analysis of the cognitive subscales of the ADAS did not reveal any significant cluster. However, correlations with changes in the MMSE did reveal similar and even more widespread findings. The MMSE is considered to be a short and global tool that covers various domains of cognition in dementia, for example, orientation, attention, calculation, and visuospatial function. This shows that our findings are not limited to memory functions but can be linked to more general clinical features. Due to the small sample size, it is plausible that the study was underpowered to detect morphologic associations with changes in the ADAScog. Areas of preserved cortical thickness associated with a beneficial response formed a fronto-parieto-temporal network. A recent study of functional connectivity of the NBM (22) revealed positive connectivity to the medial frontal cortex, including the anterior cingulate cortex (ACC), the medial orbitofrontal cortex and the supplementary and pre-supplementary motor area as well as to the insula and the inferior temporal pole. These functionally connected areas largely match our results of cortical thickness that correlated with a beneficial effect. Thus, although these areas are not structurally connected to the NBM, they may serve as functional supplements of the cholinergic output of the NBM. The observed pattern of modulated streamlines related to the outcome is overlapping with the structural projections of the anteromedial and anterolateral part of the NBM (23) (24) (25) . The results of this post-hoc analysis are partly congruent to the perysylvian pathway that includes projections to frontoparietal and insular cortices (26) . This bundle carries fibers from the CH4am-al regions, underlining the possible importance of this subregion for the intervention. The observed findings therefore give a hint to the underlying mechanism. The NBM is known to be involved in maintaining the plasticity of the brain by modulating the signal processing. It seems to be reasonable that stimulation of the NBM requires widespread preserved interconnected brain areas that can be addressed by its cholinergic fibers. The prominence of the left lateral parietal cortex in our analysis was a notable finding. Given are correlations with the outcome according to the mini mental status examination (MMSE) and the memory subscore of the Alzheimer's Disease Assessment Scale (ADAS-mem) after 6 and 12 months. Coordinates (x, y, z) of the maximum of each cluster in Talairach space with the corresponding annotation and the area of the cluster are listed. Given are the mean Pearson correlation coefficient (r) and the p-value for each cluster, corrected for multiple comparisons. R, right; L, left hemisphere.
DBS FOR ALZHEIMER'S DISEASE: ANATOMICAL PREDICTORS
Atrophy of parietal regions is present in preclinical stages of AD (27) (28) (29) . Functionally, the left-hemispherical IPL with the supramarginal and angular gyrus is assumed to play a major role in the memory circuitry (30) , especially for episodic memory (see Ref. 31 for a review). It is therefore plausible, that successful DBS of the NBM requires the modulation of an intact left lateral parietal cortex. We conclude, that parietal and opercular regions are primarily modulated by DBS, whereas preserved prefrontal and temporal areas may be additionally needed for compensatory or complementary mechanisms to face cognitive decline. These latter regions may be part of the functional network of the NBM and may therefore indirectly carry out the effects of DBS. Apart from morphological prerequisites, the outcome of the intervention is obviously closely linked to the location of the electrodes and the applied stimulation setting. It is difficult to run standardized statistical tests on this issue, as electrode positioning often depends on the individual anatomy. In this manuscript, we did not want to focus on the debate on the ideal target but rather concentrate on potential predictors for the intervention. Future studies might want to take a closer look on the targeting of the electrodes, also in comparison with other DBS targets for AD, such as the fornix. In our sample, a post-hoc plot of the individual outcome measurements in relation to the active contacts could not draw a clear conclusion on this question, as seen in Figure 4 .
Our study shows that preserved morphologic characteristics are crucial for DBS of the NBM. Future studies may investigate if the modulation of this network proceeds via enhanced cholinergic transmission or induction of synaptic plasticity or certain oscillatory patterns. Also, the potential inhibition of the formation of Abplaques in the cortex (5) as a possible mechanism of action remains an open question to be answered. Aside from cortical thickness across the whole brain, one might also want to look closely at the degree of atrophy of certain brain areas. Especially the degree of degeneration of the basal forebrain would be of great interest, as it seems plausible, that patients with severely damaged basal forebrain may not profit from DBS of this brain region. In our sample, a largely preserved basal forebrain was a prerequisite for surgery, thus we did not conduct such an analysis in our sample. DBS of the NBM for AD is experimental. The feasibility and safety of the procedure have been shown, but the clinical relevance is still to be proven. Due to the high prevalence of AD and the very limited therapy further research in this field is highly important, not only to explore the therapeutic possibilities but also to get a better understanding of the underlying mechanisms, which can subsequently help to process novel concepts of treatment. Thus, our results may help to develop better inclusion criteria for DBS in AD, underlining the importance of preserved fronto-parieto-temporal morphology for a successful intervention. Today, several biomarkers such as amyloid imaging allow a reliable diagnose in early stages of the disease. Therefore future studies on DBS of the NBM may select patients in very early stages of the disease. The preserved integrity of certain neural networks may indeed constitute a general principle for treatment of AD that involves cholinergic transmission. Thus, it seems to be generally important for therapy studies in AD to consider this aspect and include patients in early stages of the disease.
This study has some relevant limitations. Due to the experimental set up of the intervention there was no control group to compare with and the sample size was small. Results were however significant and survived the correction for multiple comparisons. An additionally conducted analysis with a more conservative threshold of p 5 0.01 still revealed significant clusters, mainly in parietal areas. Thus, we consider these results as robust. However, as significance can easily rely on outliers, correlation analysis with such small sample sizes must be interpreted with caution. The post-hoc connectivity analysis could only be performed in six patients, as postoperative imaging was not available in all patients.
In conclusion, our results may help to refine inclusion criteria for further clinical research and to gain more insight in the underpinning mechanisms of DBS of the NBM. Our results support the assumption that patients with less advanced preoperative morphological changes may benefit more from this procedure. Therefore, further clinical investigations may consider severe brain atrophy, alongside advanced cognitive decline, as an exclusion criteria. Furthermore, we conclude that positive effects of the modulation of the NBM rely on the integrity of a fronto-parieto-temporal interplay. DBS of the NBM may induce plasticity by a direct or indirect interaction with this network. Further research, focusing on both clinical efficacy of the intervention and its implications on the pathogenesis of the disease will help to evaluate the role of cholinergic mechanisms in AD and the usefulness of this innovative treatment of AD.
